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Deuteron and anti-deuteron production in Z decays has been observed in the ALEPH ex-




 per hadronic Z decay in the anti-deuteron momentum range from 0.62 to 1.03
GeV/c. The coalescence parameter ﬀ , which characterizes the likelihood of anti-deuteron
production, is measured to be   ﬁﬂﬁﬂ 	   ﬁ  ﬂ GeV  in Z decays. These measurements
indicate that the production of anti-deuterons is suppressed in ﬃ !ﬃ  collisions compared to
that in "#" and photoproduction collisions.
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1 Introduction
The production of nuclei in particle collisions can be described in terms of the coalescence
model [1] in which baryons produced in the quark fragmentation process coalesce into nuclei. In
this model, assuming that the baryons are uncorrelated, the cross section,   , for the formation
of a nucleus with

nucleons with total energy   and momentum  , is related to that for the

























Deuteron and anti-deuteron production has been measured previously in heavy ion colli-
sions [2–11], proton-proton collisions [12–15], proton-nucleus collisions [16–18] and in pho-
toproduction [19]. The values of   are found to be similar in photoproduction, proton-proton
and proton-nucleus interactions at a value of   "!#$! ﬃ GeV  [19]. In contrast, in %  %  anni-
hilation deuteron and anti-deuteron production seems to be suppressed [20,21]. In the ARGUS
experiment [20], in the continuum away from the & resonances, a limit on the rate of anti-
deuteron production at '
!)(




.- per annihilation event. In Z
decays the limit at '0/
(





.- per hadronic Z decay by
the OPAL Collaboration [21] in the momentum range from 0.35 to 1.1 GeV/c from a fraction
of the available LEP data. This corresponds to a value of 
34!#2!0!05
GeV  .
In %  %  collisions, it has been suggested that, in the string fragmentation model, such sup-
pression is caused by correlations between the baryons in an %  %  collision event [22]. The
purpose of this paper is to measure the rate of deuteron and anti-deuteron production using the
full luminosity available for the study of Z decays at LEP, in order to test the predictions from
this model. This is of topical interest since it has been postulated that the production of the
possibly observed pentaquark states is governed by a similar coalescence process as that for
deuteron and anti-deuteron production [23].
In this paper the observation of deuterons and anti-deuterons is described from a sample
of 6 #2!)*,+  !  hadronic Z decays collected by the ALEPH experiment in the years 1990-95. In
Section 2 the apparatus, trigger, event and track selection procedures are described. The method




, and track momenta is also described. In Section 3 the measurements made using the
anti-deuteron sample are described and these are discussed in Section 4.
2 The Apparatus and the Selection of Events and Tracks
2.1 The ALEPH Detector
Collisions of positrons with electrons at LEP around the Z resonance energy were detected in
the ALEPH detector which is described in detail elsewhere [24]. The components of the detec-
tor most relevant to this analysis were the tracking and trigger systems. The tracking system
1
consisted of a silicon vertex detector, a drift chamber and a large time projection chamber in
a 1.5 T axial magnetic field produced by a super-conducting coil. The silicon vertex detector
(VDET) [25] provided precise track measurements very close to the interaction point. The spa-
tial resolution for the  

and  projections (transverse to and along the beam axis, respectively)
was

ﬃ m at normal incidence. The vertex detector was surrounded by a multilayer axial-wire
cylindrical drift chamber, the inner tracking chamber (ITC), which was 200 cm long and mea-
sured the  

positions of tracks at 8 radii between 16 and 26 cm. The average resolution in the
 

coordinate was 150  m. The time projection chamber (TPC) was the main tracking detector.
It was 440 cm long and provided up to 21 three dimensional space coordinates and 338 samples
of ionization loss (  ﬂ 7 ) for tracks at radii between 30 and 180 cm. Azimuthal (    ) and lon-
gitudinal (  ) coordinate resolutions of 170  m and 749  m were obtained, respectively. Using









!#2!0! /   
was achieved.
An electromagnetic calorimeter (ECAL) surrounded the TPC. This consisted of a lead-
proportional wire chamber sampling device of thickness 22 radiation lengths which allowed
the measurement of electromagnetic energy with a resolution for isolated leptons or photons of
 
	   	 !#

1   !#2!0! ' , where  is the electromagnetic energy in GeV. The cylindrical
superconducting coil which produced the axial magnetic field was situated outside the ECAL.
The return yoke of the magnetic field, situated outside the coil, was fully instrumented to form
a hadron calorimeter (HCAL) which was used to measure hadronic energy and also to serve





the hadronic energy in GeV. Outside the iron structure, two double layers of streamer tubes,
the muon chambers, provided two space coordinates for particles leaving the detector, thus im-
proving the identification of muons. The luminosity was measured by downstream calorimeters
covering small angles to the beam directions. The triggers for hadronic events were mainly
based on the total ECAL energy deposited and muon track triggers. From comparison between




Hadronic Z candidates were selected using the charged tracks. The events, taken when
the apparatus was working well, were required to have at least five “good” tracks in the TPC
with a summed energy greater than 
!0(
of the summed energy of the electron and positron
beams. A “good” track was defined as one with at least four reconstructed coordinates in the
TPC and a polar angle ﬁﬀﬃﬂ
3 ! #
')/ . In addition, it had to originate in a cylinder of radius
2 cm and length 20 cm centred at the known interaction point and parallel to the beam axis.






of the hadronic Z decays with
negligible background [26].
2.2 Deuteron and Anti-deuteron Identification
Deuteron and anti-deuteron candidates were selected according to their momenta and specific
ionization,  ﬂ 7 , estimated from the measured ionization samples in the TPC and normalised
to the value expected from a minimum ionizing particle at the same polar angle. Figure 1 shows
the    7 values plotted against momenta for all tracks. Bands corresponding to electrons,
2
pions, kaons, protons, deuterons and tritons and their anti-particles can be seen. The majority
of the heavy ions in this sample are from spallation products due to secondary interactions.
Deuteron and anti-deuteron candidates with momenta measured in the range
!# /0/ 3  3

#2! GeV/c were accepted if they had a value of  ﬂ  7 more than 4.6 times minimum ionizing
and a difference in the measured specific ionization from that expected for a deuteron or anti-
deuteron,   	  ﬂ 7  ﬂ  7 , of less than 1.5. At smaller values of  ﬂ 7 , backgrounds
from electrons and overlapping minimum ionizing tracks were encountered. The measured mo-
mentum range corresponds to a momentum range of !#  ﬃ 3  3  #2!05 GeV/c for candidates
from the primary vertex, allowing for    7 losses. A total of 72234 deuteron and 4994
anti-deuteron candidates remained after this selection. To suppress candidates from secondary
interactions, the transverse distance of closest approach to the beam axis,

	
, of each candidate
was required to be less than 0.4 cm, leaving 1788 deuteron and 51 anti-deuteron candidates.
Further suppression of particles from secondary interactions was achieved by demanding that
the tracks should not be reconstructed in a vertex remote from the primary interaction [27],
leaving 1050 deuteron candidates and 50 anti-deuteron candidates. Figure 2 shows the distri-
bution of   for the anti-deuteron candidates, without the requirement that   3  # / , in two
ranges of the coordinate 
	    . Here  is the longitudinal position of the track
at its closest approach to the beam axis and  is the coordinate of the primary vertex in the
event, reconstructed as described in reference [24]. It can be seen that  is peaked strongly at
zero, indicating that the majority of the selected tracks are compatible with anti-deuterons with
few misidentified tracks from the very large number at lower values of  ﬂ 7 . Hence a pure
sample had been obtained.
Deuterons are produced copiously as spallation products of the secondary interactions of
primary particles in the material of the apparatus. Deuterons produced in the outer calorimeters,
by such interactions, will be mislabelled as negatively charged anti-deuterons since they actually
travel towards the interaction point while they are reconstructed assuming that they travel away
from it. To determine the numbers of deuterons and anti-deuterons from primary interactions
the measured values of  , defined above, were studied. The distribution of the measured values
of    for deuterons and anti-deuterons is shown in Fig. 3. Each distribution shows a peak at
zero from tracks originating in the vicinity of the primary vertex with a background from tracks
produced remotely from it. The background is flat for the anti-deuterons and decreases with   
for the deuterons. The decreasing non-primary background for deuterons can be understood
as coming from spallation products produced relatively close to the interaction point while
the approximately flat background for anti-deuterons originates from the distant production of
spallation deuterons in the calorimeters, as explained above.




/ cm with an estimated non-primary background of 0.2. This background was determined by





The number of deuterons from primary interactions is more difficult to determine because of
the much larger non-primary background with an unknown shape (see Fig. 3). A possible com-
ponent of this background could point towards the primary vertex due to spallation deuterons
produced preferentially along the direction of the primary track. There were 196 deuterons seen
in the range   3  # / cm. The non-primary background in the same range was estimated to
be 142 by extrapolating a linear fit to the data in the range  # / 3  ﬂ 3 ﬃ0ﬃ # / cm to lower
3
   i.e. a deuteron signal of / 6   1 events pointing towards the primary vertex, where the




cm is made, the number of deuterons
with    3  # / cm is reduced to 56 with a non-primary background of 40, i.e.     ! primary
events. The Monte Carlo simulation, described below, shows that this selection should reduce
the deuteron and anti-deuteron reconstruction efficiency by a factor !#ﬁ , which is compatible
with the observed loss of two anti-deuterons (compared to 5#21!  # expected). The difference
between the numbers of deuterons obtained with the two different selections therefore shows
that there is a large systematic uncertainty on the determination of this number. The number of
deuterons could be compatible with the number of anti-deuterons within this large uncertainty.
Due to this uncertainty only the anti-deuterons are used for quantitative measurements in the
following.
2.3 Detection Efficiency for Anti-deuterons
The detection efficiency for anti-deuterons was calculated by Monte Carlo technique. Two diffi-
culties needed to be overcome to accomplish this. Firstly, the Z Monte Carlo generators used to
simulate the data did not include the production of anti-deuterons. Secondly, the simulation of
the detector was based on GEANT [28] which allows tracking of deuterons and anti-deuterons,
simulating ionization energy losses and multiple Coulomb scattering but not the losses of these
ions due to nuclear interactions. In order to overcome these difficulties four sets of Monte Carlo
simulated data were generated.
The first set was the standard Monte Carlo simulation of Z decays which uses the Lund
Parton Shower Model (JETSET) [29] with the parameters set to those determined in [30]. The
second set consisted of single pions in the same momentum and angular range as the anti-
deuteron sample. The ratio of the fraction of the number of tracks reconstructed in the first set to
that in the second set gives the probability of losing a charged particle within the jets of hadrons.
The third set consisted of single anti-deuteron tracks generated within the standard Monte Carlo
simulation. This was used to assess the efficiency for detection and reconstruction of anti-
deuterons in the apparatus. The fourth set was generated by a simulation of anti-deuterons
traversing the material of the apparatus in order to estimate the losses due to nuclear interactions.
The fraction of tracks lost within the jets of hadrons was measured to be ' 6 #  !# ﬃ ( using
the first and second sets. In the third set the single anti-deuterons were generated with either
a flat distribution in momentum or a distribution following the model of reference [22] and a
cosine of the polar angle (  ﬁﬀﬃﬂ ) varying as    ﬁﬀ  ﬂ . The behaviour of these tracks in the
apparatus was simulated (apart from nuclear interactions) and the same selection procedure
applied to the simulated tracks as to the data. Figure 4 shows the reconstruction efficiency for
the simulated anti-deuterons as a function of  ﬁﬀﬂ (lower plot) and momentum (upper plot) for
the sample generated as the momentum distribution of [22]. This shows that the reconstruction
efficiency for anti-deuterons was
05)(
on average. It was found to decrease to / '
(
for the flat








In the fourth Monte Carlo set, which was used to estimate the fraction of anti-deuterons lost
by nuclear interactions, four different models were used to estimate the anti-deuteron nucleus
total cross section which is not known from direct measurements.
4
  The first model employed the parameterisations of the inelastic  and  nuclear cross sec-
tions [31] and a geometric argument to combine these quadratically into the anti-deuteron
cross section [32]. The cross section obtained was multiplied by two to allow for elas-
tic scattering, the behaviour expected for a perfectly absorbing disc [33], as observed in
deuteron-nucleus interactions [34]. This model gave the fraction of anti-deuterons lost in
the material to be  1)( .
  The second model is similar to the first but the  and  nucleus inelastic absorption cross
sections computed from the parameterisations of [31] were added linearly to deduce an
anti-deuteron nucleus inelastic cross section. Again the cross sections were doubled to
allow for elastic scattering. This model gave ﬃ 1)( for the fraction of anti-deuterons lost
by nuclear interactions.
  The third model used the measured  -nucleus total absorption cross sections of Ashford et
al [37]. The assumption was made that the  and  total absorption cross section were the
same and the two were summed to give an estimate of the anti-deuteron total absorption
cross section. This method gave  *0( for the fraction of anti-deuterons lost by nuclear
interactions.
  In the fourth model the measured  -deuteron total absorption cross sections [38] were
assumed to be the same as the total absorption anti-deuteron proton cross section at the
same centre of mass energy. The anti-deuteron nucleus total absorption cross section was





is the atomic weight of the
target nucleus. Such an

dependence was roughly observed to describe the deuteron-
nucleus measurements [34–36]. This method gave ﬃ 6 ( for the fraction of anti-deuterons
lost by nuclear interactions.
Despite the crudity of these assumptions they give a roughly consistent picture of the total
loss due to nuclear interactions. We take the mean of the four models as our best estimate
of the fraction lost i.e. ﬃ0ﬃ ( . This value was for anti-deuterons with an angular distribution
of     ﬀ  ﬂ and a momentum distribution following the model of reference [22]. Using a flat





lost. From this variation together with that from the different computed cross sections we take
the uncertainty on the fraction lost to be
 )(
i.e. the fraction lost is ﬃ0ﬃ
 )(
.
It can be seen from Fig. 4 that the reconstruction efficiency for anti-deuteron detection de-
creases for ﬁﬀﬂﬃ
! #$1
. In addition, the efficiency goes to zero at momenta smaller than 0.6
GeV/c. These inefficient regions can be understood from a combination of two effects. Firstly,
the number of TPC hits becomes too small to reconstruct the    7 at low values of transverse
momenta and, secondly, low momentum anti-deuterons are lost at oblique angles, coming to
the end of their range in the material of the apparatus. The efficiency also decreases to zero
for momenta above  #$! 5 GeV/c since    7 becomes less than the minimum selected in this
analysis (4.6 times minimum ionizing). The overall efficiency, made up of the probability of




), the probability of the track to






) and the probability to escape nuclear absorption
(
* 1  0(
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in the momentum range
!# ﬃ 3  3

#$! 5
GeV/c ( 	  	 !# 6  GeV/c) and  ﬁﬀ ﬂ 34!# ')/ , where
the first uncertainty is the statistical and the second the systematic error. Here 
 	 6 #2!)* +  ! 
is the observed number of hadronic Z decays and  	 6)/  6 ( is the anti-deuteron detection
efficiency, (see Section 2.3). The systematic error represents the uncertainty on this efficiency.
The measured value of   is compatible with the upper limit at ')/ ( confidence level of 1 +  ! 
set on the rate of anti-deuteron production by the OPAL Collaboration [21] in a slightly wider
momentum range ( !#25 / 3  3  #  GeV/c). It follows from equation 2 that the value of the




















 GeV 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 GeV      (4)
where  and  are the energy and momentum of the anti-deuterons at the centre of the momen-
tum range and  	 !#2!01 / ' is the reciprocal of the total sensitive solid angle allowing for the
fact that the angular distribution is approximately   ﬁﬀ  ﬂ .
4 Discussion of the Results
Figure 5 shows the measured value of the inclusive anti-deuteron cross section compared to
the model of reference [22] which predicts suppression of anti-deuteron production in e  e 
collisions. The measurement presented here indicates that such suppression is overestimated in
the model.
From these cross sections the coalescence parameter, 

, defined according to equation 1
with
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/ ﬃ GeV [39] and
ﬂ
is the fraction of anti-protons from direct
production, excluding those from weak decays. In the coalescence model, only anti-nucleons
produced directly from the source can form anti-deuterons. The number of  from direct pro-
duction is taken to be a fraction of 0.76 of the number observed. This is estimated from the
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PYTHIA Monte Carlo [40] and is thought to be accurate to about 
!)(
due to the uncertainty
in the strangeness suppression parameter in this model. Hence there is an overall theoretical
uncertainty of about ﬃ !)( in the determination of   . The systematic error (second error) on  
includes this theoretical error as well as the uncertainty on  and the uncertainty in the invariant
anti-proton proton cross section.
Figure 6 shows this measured value of   compared with the measurements of   obtained
from other experiments using “elementary” projectiles i.e.   [5,17,18],    [13,14] and   [19]
collisions and those in very heavy ion collisions. Here,   has been calculated for the ISR   
data from the cross sections given in [13–15] taking the direct fraction to be 0.75 which was
estimated from the PYTHIA program [40]. The limit on   from the OPAL data in %  % 
collisions is also shown. This limit was calculated from their anti-deuteron rate limit and anti-
proton cross sections in the continuum [39] with a direct fraction calculated to be 0.76. The
data are restricted to inclusive deuteron and proton production for the Bevelac and AGS data
to avoid threshold effects in anti-deuteron production. The ion-ion data are restricted to very
heavy ions to reduce the sensitivity to A dependent effects, and to the most central data, since
the measurements show dependence on centrality [4, 10]. The data from the Bevelac, at which
energy the A dependence is weak, are the Ne-Au measurements of [17]. The data from the AGS
are the Au-Pt measurements of the E886 experiment [5] and the Au-Au data of experiments
E864 [6] and E896 [7], the data from the SPS are the Pb-Pb measurements of NA44 [9], NA49
[10] and NA52 [11] and the data from RHIC are from the Au-Au measurements of the STAR
and PHENIX collaborations [3,4]. It can be seen that the values of   are smaller in both heavy
ion and %  %  collisions than those measured in collisions involving “elementary” projectiles
i.e. protons or photons. However, the suppression in heavy ion collisions is more marked than
in %  %  collisions.
5 Conclusions
Deuteron and anti-deuteron production has been observed in %  %  collisions at the Z resonance
energy. The number of anti-deuterons per Z decay was measured to be  / # '   #21 ,!# /ﬁ	 +  !  in













 GeV  in %  %  annihilations at the Z resonance.
This is smaller than that measured in hadronic and photonic collisions with protons, indicating
the suppression of the coalescence process in %  %  collisions. However, the measured value of





















is higher than the prediction
of the model of reference [22].
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Figure 1: The value of  ﬂ  7 , normalised to that of a minimum ionizing particle, as a function
of the logarithm of the momentum for a sample of all tracks. Bands corresponding to electrons,
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Figure 2: The distribution of the values of  	    7     7 , in two ranges of  , the
longitudinal position of the track relative to the vertex at the closest approach to the beams, for




/ . Here    7 and  ﬂ 7
are the measured and expected values of  ﬂ 7 for anti-deuterons, each normalised to the value
for a minimum ionizing particle. The tracks in the upper plot are selected to be in the signal
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Figure 3: The distribution of the number of particles per cm of measurement interval against
the longitudinal coordinate at the closest approach of the track to the beam line,  , for the
final samples. The peak near zero includes primary events from e e  annihilation collisions
while the background away from zero is due to spallation products. The vertical bars show the
statistical errors and the horizontal error bars represent the measurement intervals. The first two












/ cm and the remainder are
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Figure 4: The anti-deuteron reconstruction efficiency as a function of the generated momentum
(upper plot) and cosine of the polar angle (lower plot), as determined from the single particle
Monte Carlo simulation with the momentum distribution of [22] (see text). The reconstruction
efficiency includes that of a particle in a Z decay event ( ' 6 #)( ).
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Figure 5: The predicted inclusive anti-deuteron cross section in e  e  collisions at the Z reso-
nance from the model of [22] (solid curve) compared to the value measured here shown by the
point labelled ALEPH. The inner error bar shows the statistical uncertainty and the outer error
the total uncertainty given by the sum in quadrature of the statistical and systematic errors. The
























Figure 6: The values of the coalescence parameter, 

, measured in very heavy ion collisions
and with collisions between more elementary hadrons compared to the value in %  %  collisions
from this experiment (labelled ALEPH) and the limit from OPAL [21]. The sources of the
“elementary” and heavy ion data are given in the text.
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